It is generally agreed that most colon cancers develop from adenomatous polyps, and it is this fact on which screening strategies are based. Although there is overwhelming evidence to link intrinsic genetic lesions with the formation of these preneoplastic lesions, recent data suggest that the tumor stromal environment also plays an essential role in this disease. In particular, it has been suggested that CD34 ؉ immature myeloid precursor cells are required for tumor development and invasion. Here we have used mice conditional for the stabilization of ␤-catenin or defective for the adenomatous polyposis coli (APC) gene to reinvestigated the identity and importance of tumor-infiltrating hematopoietic cells in polyposis. We show that, from the onset, polyps are infiltrated with proinflammatory mast cells (MC) and their precursors. Depletion of MC either pharmacologically or through the generation of chimeric mice with genetic lesions in MC development leads to a profound remission of existing polyps. Our data suggest that MC are an essential hematopoietic component for preneoplastic polyp development and are a novel target for therapeutic intervention.
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cancer ͉ inflammation ͉ polyposis ͉ TNF␣ T he genesis of hereditary colon cancer [familial adenomatous polyposis of the colon (FAPC)] as well as sporadic colorectal neoplasias are closely linked with mutations that result in loss of function of the adenomatous polyposis coli (APC) gene (1) (2) (3) and lead to the stabilization of ␤-catenin (4). These molecular events are necessary and sufficient for triggering the formation of adenomatous polyps, precursors to invasive colon cancer (5) . Mutations of the TGF-␤ receptor/SMAD4-signaling cascade in human also has been strongly implicated in the subsequent progression to malignant disease. Recently, in an elegant mouse model of adenocarcinoma, mutations of SMAD4 in concert with APC mutations were shown to induce the formation of invasive tumors (6) . Intriguingly, the ability of these tumors to invade the tissues was shown to critically depend on a population of immature myeloid cells (iMC) recruited to the invasion front. These cells expressed CD34, CCR1, and matrix metalloproteinase (MMP) types 2 and 9 and were recruited by tumor cells synthesizing the CCR1 ligand, CCL9. Thus, although their identity has not yet been fully delineated, there is compelling evidence for the requirement of a specific hematopoietic component in the progression, and possibly the genesis, of colorectal neoplasia.
Mast cells (MC) are potent immunomodulatory cells that have been shown to play a key role in a variety of inflammatory diseases, including allergic asthma, autoimmune arthritis, and multiple sclerosis-like syndromes. They elaborate a potent array of cytokines, proteases, and inflammatory mediators (including TNF␣, IL-6, TGF-␤, VEGF, MMP2, and MMP9), which are known to be involved in tissue remodeling and angiogenesis. These cells are responsive to CCL9, and we have recently shown that they require the sialomucin CD34 (and CD43) for efficient trafficking in vivo (7, 8) . Although mastocytosis is frequently associated with the emergence of tumors (6) (7) (8) (9) (10) (11) (12) (13) , their role in tumor progression or rejection is only beginning to be studied.
Here we have reevaluated the association of human MC with invasive adenocarcinoma and exploited two independent murine models of polyposis and three inhibitors of MC function (two genetic and one pharmacological) to specifically address the role of MC in the early development of colon cancer. Our observations indicate that MC are causative agents in polyp formation, the initiating step of colon cancer.
Results

Adenoma-Associated Mastocytosis.
A screening of samples from 79 patients consisting of microinvasive adenocarcinomas, polyps, and adjacent normal tissue revealed an abundance of MC in the stroma and submucosa of the polyps and tumors. Quantitative analysis of the polyps (patients, n ϭ 26) confirmed that MC were preferentially enriched in the polyp masses [supporting information (SI) Fig. 5 ]. To examine the kinetics of mastocytosis and to reproducibly observe early events in polyp growth, transgenic mice were generated that overexpress stabilized ␤-catenin in gut enterocytes in an inducible manner. CreERT2 mice express a tamoxifen-activatable Cre recombinase (9) driven by the intestine-specific TS4 promoter (10) . These mice were crossed with Ctnnb lox(ex3) mice (11) , in which exon 3 of the ␤-catenin gene is flanked by loxP sequences. Serine and threonine residues encoded by this exon are targets of phosphorylation by glycogen synthase kinase 3␤ (GSK-3␤), and excision of these sequences generates a stable dominant-acting mutant ␤-catenin (11). Feeding lactating female TS4-CreERT2 ϫ Ctnnb llox(ex3) mice with tamoxifen (5 days, 1 mg per mouse per day) induced nascent crypts and polyps in the suckling pups and in the mother that were readily visible as early as 2.5 weeks after initiation of the treatment ( Fig. 1 a and b) . At the earliest time points evaluated, these lesions were consistently infiltrated with MC, as revealed by expression of CD34 (Fig. 1c ) and chloracetate esterase (CAE) staining (Fig. 1d) . Healthy neighboring tissue did not harbor significant numbers of MC (Fig. 1i) .
To ensure that the observed mastocytosis was a characteristic event in an independent model of polyposis, we examined APC ⌬468 mice, which bear a targeted insertion of truncating mutations after exon 10 of the APC gene (ref. 12 and unpublished data) . In this hereditary model of polyposis, lesions were detected as early as 2 months after birth, due to loss of heterozygosis of the wild-type (wt) APC allele. Similar to the inducible model, polyps arising in this model were typically infiltrated with intraepithelial MC (Fig. 1e ) restricted to the lesions (Fig. 1j) . Thus, based on our evaluation of human polyps and using two independent mouse models, we find that mastocytosis is an early and persistent event associated with polyposis.
Lymphocyte Dependence and MC Subtypes. Murine MC have historically been divided into two subpopulations, based on histochemical staining properties, expression of MC proteases, and localization to connective tissue mast cells (CTMC) versus mucosal mast cells (MMC) (13) . Activation of MMC is antibodyand, consequently, B and T cell-dependent. We therefore examined the lymphocyte dependence of the polyp-specific mastocytosis. Min mice (14) , which also bear a lesion in the APC gene, were bred to Rag2 Ϫ/Ϫ mice that are T and B cell-deficient. These mice were then evaluated for polyps and MC infiltrates. Surprisingly, despite the lack of T and B cells in these mice, they rapidly developed polyps and harbored high levels of associated MC ( Fig. 1 f and j) . In mice, MMC express the murine MC proteases, mouse mast cell protease (mMCP)1 and mMCP2 (chymases) but rarely express tryptase. In contrast, CTMC typically express chymases mMCP4 and mMCP5 and tryptases mMCP6 and mMCP7 (13) . We confirmed by immunohistochemistry, the presence of both MMC (mMCP2) and CTMC (mMCP6) in polyps ( Fig. 1 g and h) . In summary, the mixed mastocytosis observed in the intestine during colon carcinogenesis is, surprisingly, lymphocyte-independent.
Status of MC and Their Precursors in Regressing Polyps: A role for TNF␣. To follow the fate of MC on the stabilization or regression of the polyps, we exploited the recent observation that polyposis and colitis-associated colon cancer in Min mice and Min-Rag2 Ϫ/Ϫ mice can be reversed through the administration of anti-TNF␣ antibodies (15) . Accordingly, we treated immunocompetent APC ⌬468 mice with 200 g of anti-TNF␣ antibody every 2 days for 2 weeks and examined them 1 week later. For comparison, age-matched mice served as controls. Significantly fewer polyps were observed in mice treated with anti-TNF␣ antibody than in control, untreated mice (P Ͻ 0.001) (Fig. 2a) . The polyps that (Magnification, ϫ200.) (g) Frequency of MCp among total MNC prepared from the intestine, determined by limiting dilution assay. Mean of three experiments, each with one wt control: APC ⌬468 , n ϭ 12; anti-TNF␣, n ϭ 11; wt, n ϭ 3 (one-way ANOVA with Bonferroni's multiple comparison test).
persisted after completion of the course of antibody treatment had a more flattened and differentiated morphology (SI Fig. 6 ) and tended to be smaller than the polyps observed in agematched untreated mice (Fig. 2b) . To examine the role of MC and their products in angiogenesis (16) , blood vessels irrigating the polyps were imaged by using a near-infrared fluorescent probe (AngioSense) and scanning confocal microscopy (see Materials and Methods). The mean vessel volume in the polyps of anti-TNF␣ treated mice was four times less than in polyps of age-matched APC ⌬468 mice (APC ⌬468 mean volume, 881,600 m 3 Ϯ 251,100 m 3 ; n ϭ 4; and anti-TNF␣-treated, 174,200 m 3 Ϯ 49,610 m 3 ; n ϭ 4; P ϭ 0.0163, unpaired t test) ( Fig. 2c and SI  Fig. 7 a-d) . Similar results were obtained by calculating the surface area of CD34 ϩ vessels in histological sections ( Fig. 2d  and SI Fig. 7 e and f) . Treated mice also had diminished frequencies of mitotic cells ( Fig. 2e and SI Fig. 7 g and h) and increased apoptotic cells in the remaining polyps ( Fig. 2f and SI  Fig. 7 i and j) . In summary, anti-TNF␣ treatment had a potent suppressive effect on polyp growth, expansion, and associated angiogenesis.
To clarify the impact of anti-TNF␣ treatment on the frequency of resident intestinal MC, MC progenitor (MCp) assays (17, 18) were performed on total mononuclear cell (MNC) preparations from the intestine of these mice. The average frequency of MCp in the intestine of APC ⌬468 mice (n ϭ 12) was 0.09 Ϯ 0.2%, (880 Ϯ 160 colonies per 1 ϫ 10 6 MNC) (Fig. 2g) , at least 9-fold higher than the frequency of MCp in the intestine of agematched wt mice (n ϭ 3; 0.01 Ϯ 0.002%) (Fig. 2g) . Four-to 5-fold lower frequencies of MCp were observed in the intestine of age-matched APC ⌬468 mice that had received anti-TNF␣ antibody (n ϭ 11; 0.016 Ϯ 0.005%) when compared with the untreated mice (99% confidence, P Ͻ 0.001) (Fig. 2g) . Thus, anti-TNF␣ treatment causes a clear reduction in the local MCp frequency in the intestine. To test whether the effect of anti-TNF␣ antibodies was related to lymphocyte function, we treated immunocompromised Min-Rag Ϫ/Ϫ mice with a similar protocol. Anti-TNF␣ treatment resulted in a potent reduction in the number of polyps (SI Fig. 8a) . Again, the fraction of MCp in the intestine of Min-Rag Ϫ/Ϫ mice was reduced by anti-TNF␣ treatment (from 0.15 Ϯ 0.015% in untreated intestine to 0.01 Ϯ 0.002% in treated mice; n ϭ 4) (SI Fig. 8b) . Thus, the suppression of polyposis and the associated decrease in MCp by anti-TNF␣ treatment is lymphocyte-independent.
Intriguingly, serum TNF␣ in polyp-bearing APC ⌬468 mice reached levels 10-fold higher than those in control mice by 4 months but declined to 3-fold higher levels in late-stage polyposis (Fig. 3a) . APC ⌬468 Rag Ϫ/Ϫ mice had reproducibly higher serum TNF␣ levels than age-matched APC ⌬468 mice (Fig. 3a) . Consistent with earlier reports (19, 20) , MC were a rich source of TNF␣ (SI Fig. 9 ). It has been suggested that TNF␣ supports MC differentiation (21) . To test this, we performed MCp assays with MNCs derived from the diseased intestines of APC ⌬468 mice, in the presence or absence of exogenous TNF␣. TNF␣ had a potent stimulatory effect on MC colony formation, whereas anti-TNF␣ antibodies severely suppressed MC colony formation (1,415 Ϯ 52.7 per 10 6 MNC versus 198.2 Ϯ 16.3 per 10 6 MNC) (Fig. 3c ). Similar observations were made with MNC preparations from the polyps of Min-Rag Ϫ/Ϫ mice, where addition of anti-TNF␣ in the cultures reduced the apparent MCp frequency by one-third, whereas addition of TNF␣ increased it by 2-fold ( Fig. 3c and SI  Fig. 8b ). In aggregate, these observations support a positivefeedback model where lymphocyte-independent, MC production of TNF␣ leads to enhanced MC precursor proliferation and expansion.
Adenoma Formation Is MC-Dependent. To provide a causative link between MC and polyposis, we generated hematopoietic chimeras by reconstituting polyp-prone APC ⌬468 mice with bone marrow (BM) from either wt mice or mice with well characterized mutations in genes required for MC development: Kit W-sh/Wsh (22, 23) and Cd34 Ϫ/Ϫ Cd43 Ϫ/Ϫ (24). c-kit is a well known MC growth factor receptor, and mice bearing an inversion of the promoter (Kit Wsh/Wsh ) exhibit a selective defect in the ability to form mature MC. CD34 and CD43 are related cell surface sialomucins, and, although deletion of these genes has no effect on MCp formation in the BM, their loss leads to a profound impairment in the ability of MCp to traffic to peripheral tissues (8, 24) . To generate chimeras, APC ⌬468 mice were lethally irradiated and reconstituted with wt, Kit Wsh/Wsh or Cd34 Ϫ/Ϫ Cd43 Ϫ/Ϫ BM and analyzed 6 weeks later for polyps. Depletion of MC correlated with lowered levels of serum TNF␣ (Fig. 3b) . The frequency and size of polyps showed a tight link with the frequency of both MC and MCp: wt BM recipients
BM recipients (Fig. 4 a and b) . Reconstitutions with Cd34 Ϫ/Ϫ Cd43 Ϫ/Ϫ BM resulted in a marked reduction in the frequency of polyps when compared with wt BM recipients (33 Ϯ 10 or 47 Ϯ 3.3 versus 72 Ϯ 15) (Fig. 4a) . Similarly, decreased blood vessel densities ( Fig. 4e and SI Fig. 7 e and f) and decreased mitotic activity ( Fig. 4f and SI Fig. 7 g and h) but increased apoptosis of aberrant epithelial cells ( Fig. 4g and  SI Fig. 7 i and j) were characteristically noted in MC-depleted mice. Morphological evidence for regression of polyps in Cd34 Ϫ/Ϫ Cd43 Ϫ/Ϫ BM recipient mice included microadenomas with villi appendages (SI Fig. 10a ) and atypically large/highly apoptotic nascent crypts (SI Fig. 10 c, d , and f-h) poorly infiltrated by MC (SI Fig. 10 b and e) . In summary, these data show that all major hallmarks of polyposis formation are strictly dependent on the ability of MC to provide an appropriate microenvironment and that depletion of MC adversely affects polyp integrity.
Discussion
Colon cancer has arguably provided one of the best examples of an intrinsic genetic lesion that leads to tumor formation. Thus, it has been shown that loss of APC gene function and the resulting stabilization of ␤-catenin in epithelial precursors is necessary and sufficient for the genesis of polyps, the initiating step in this neoplasm. Despite the clear predisposition provided by these genetic lesions, mounting evidence suggests that tumor formation also strictly depends on a receptive stromal microenvironment for tumor expansion (reviewed in ref. 25) . Although most studies have focused on stromal fibroblasts, myofibroblasts, and endothelial precursors (26-28), here we provide compelling evidence that at least one component of this microenvironment for gastrointestinal polyps is infiltrating MC. MC are among commonly observed cancer-associated proinflammatory cells and decorate a variety of tumors, including hepatocarcinoma and cholangiocarcinoma (29) , pancreatic (30) , lung (31, 32) , skin (33, 34) , melanoma (35, 36) , lymphoma (37) and neurofibroma (38) . However, the contribution of MC to tumor growth or rejection is poorly understood. Here, through examination of a cohort of human tumors, as well as three independent conditional and hereditary murine models of polyposis (TS4CreER ϫ Ctnnb lox(ex3) , Min, and APC ⌬468 ), we have shown that MC are critical for epithelial tumorigenesis. MC appeared in early dysplatic tissue, and their expansion in polyps reflected elevated levels of MCp. Although reports suggest that masotcytosis is strictly lymphocyte-dependent (39), the absence of lymphocyte in APC ⌬468 Rag1 Ϫ/Ϫ mice did not hinder the accumulation of MC in polyps. This is the first documentation of such local lymphocyte-independent expansion and maturation of MC and MCp in adenomatous polyps.
Because the contribution of MC to tumorigenesis is likely to be multifaceted, instead of targeting MC products we chose to inhibit the ability of these cells to populate tumor niches. We have previously shown that CD34 and the related antigen CD43 are essential for the recruitment of MC precursors to peripheral tissues (24) . More recent studies using inflammatory models suggest that loss of CD34 alone in many cases is sufficient to impede recruitment of MC precursors to peripheral tissues (8) .
In the present study, knockout of Cd34 and Cd43 severely impeded migration of BM-derived MC to the intestine in APC-defective mice, leading to increased apoptosis, reduced mitotic activity, reduction of angiogenesis, and the loss of integrity of adenomatous polyps. MC requirement was confirmed by using mice reconstituted with c-kit-defective BM (KitW-sh/KitW-sh) (40, 41) . Although human CD34 antigen expression ceases as MCp differentiate into mature MC in the peripheral tissues, migrating MCp express the antigen and, thus, should still be valid targets for therapy (7) . Additionally, because deletion of the CD34-encoding gene has no obvious effects on murine development or steady-state immune responses, strategies to target this antigen in human MC are likely to be well tolerated.
Elevated levels of serum TNF␣ in diseased mice and suppression of cytokine levels in MC-depleted mice indicate a role for this cytokine in polyposis. TNF␣ is a major MC product (42) and is considered to act at the apex of proinflammatory pathways in inflammatory bowel disease (43) (44) (45) and to promote cancer (46) . Here, we show that MC produce TNF␣ and require this cytokine for their expansion and differentiation ex vivo. TNF␣ was critically required for the progressive growth of adenomatous polyps. We propose that MC-synthesized TNF␣ functions as an autocrine factor to amplify the local MC pool at the sites of tumor formation, while driving a cascade of events to boost the incidence and progressive growth of adenomatous polyps, the immediate precursors to colon cancer. As noted in the next paragraph, because MC are generously endowed with a wide array of inflammatory modulators, it is likely that other MC-derived factors also will contribute to the promotion of polyposis.
MC are armed with a potent array of secreted inflammatory cytokines/mediators (e.g., TNF␣, IL-1, IL-4, IL-5, IL-6, PGE2, PGD2, LTB4, LTC4, and PAF) as well as a variety of angiogenic and vascular permeability factors and proteases (VEGF, histamines, MMP2, MMP9, MCP1, MCP2, MCP4, MCP5, MCP7, and MCP8 among others), (reviewed in ref. 47 ). Thus, they are well positioned to influence tumor growth. VEGF, in particular, has a potent effect on angiogenesis and, therefore, tumor growth and metastasis (48, 49) . Consistent with this notion, we have provided direct experimental evidence to show that impairment of MC infiltration negatively impacts polyp integrity in part MMPs, too, have been shown to be key players in colon tumor cell invasion and metastasis (51) . In this regard, it is particularly intriguing that a recent study using a very similar model to the one described here showed that colon tumor invasion critically depends on the recruitment of CD34 ϩ , MMP9
ϩ , MMP2 ϩ , CCR1 ϩ iMC to the invasion front (6) . These cells were recruited to tumors by the chemokine CCL9. Importantly, we have previously shown that MC and their precursors are extremely difficult to distinguish from the earliest hematopoietic progenitors (52) . In light of our observation that mature MC (i) express high levels of CD34 (24, 52) , (ii) are well known sources of MMP2 and MMP9 (53, 54) , and (iii) express CCR1 and chemotax in response to CCL9 (reviewed in ref. 55) , it is likely that these iMC in fact represent mature MC, degranulated MC, or MCp. This notion is further strengthened by reports that, in human, iMC lack CD34 (6), because we previously have shown that, although the human Cd34 gene is expressed in trafficking MCp, it is shut off as they differentiate into mature MC in the periphery (reviewed in ref. 7) . Our revelation that the iMC are MC should greatly enhance the development of additional interventional therapies.
Our observations provide further evidence in support of the paradigm that carcinogenesis is a process requiring tissue remodeling and collaboration between aberrant epithelium and cellular components of the tumor microenvironment. Our data suggests that in the absence of MC the genetically defective epithelium is unfit to propagate and progress into full tumors, providing experimental evidence for MC as a causative agent in colon cancer. Thus, we propose that MC deserve focused consideration as a therapeutic target in polyposis and colon cancer.
Materials and Methods
Human Colonic Tumor Specimens. Representative examples of colonic adenocarcinomas (n ϭ 53), colonic adenomas (n ϭ 26), and corresponding normal colonic mucosa (120 sections in all) were identified by a retrospective search of the surgical pathology files of the Brigham and Women's Hospital Pathology Department. All procedures were approved by the Partners Human Research Committee. Sections (6 m) were cut from paraffin blocks and used for toluidine blue and chloroacetate esterase staining as described below.
CAE Staining. Paraffin sections were deparaffinized with xylene (two times, 5 min each) and rehydrated gradually with 100% ethanol, 95% ethanol, 70% ethanol, and water. The slides were stained with Naphthol-AS-D chloroacetate and counterstained with hematoxylin Gills II as described earlier (56, 57) .
Preparation of Intestinal MNCs. MNCs were prepared as described (18) by using 10 units of collagenase type 4 (WorthingtonBiochemical Corporation) in 25 ml of RPMI medium 1640 supplemented with 10% FCS (RPMI complete) and agitated at 37°C for 20 min. Cells were purified by 40-60% Percoll gradient centrifugation, washed, and resuspended in PBS plus 0.2% BSA for analysis.
MCp Assay. Frequencies of MCp in MNCs was measured as described in ref. 18 . Briefly, 10,000 MNCs per well were suspended in 100 ml of medium [RPMI complete with 20 ng/ml of SCF, 20 ng/ml of IL-3, and 100,000 irradiated spleen cells per well (3,000 rad)] in a single well of a 96-well plate and diluted serially in subsequent rows. After 10-15 days incubation at 37°C with 5% CO 2 , colonies of matured MC were scored.
CD34
Staining for Vessels and Anti-TNF␣. The CD34 rat monoclonal antibody (catalog no. Ab8158-100; Abcam) was used at a 1:100 dilution. The polyclonal rabbit anti-rat IgG (reference no. E0468; Dako) was diluted at 1:750, and a ready-to-use labeled polymer-HRP anti-rabbit from Dako was added (catalog no. K4011). Color was developed by using the DAB chromogenic substrate (catalog no. k4007; Dako), and sections were counterstained with hematoxylin. Anti-TNF␣ antibodies were derived from clone XT-3 (BioExpress).
Apoptosis Staining. The ApopTag Red in situ apoptosis detection kit from Chemicon International (catalog no. S7185) was used according to the manufacturer's instructions. Products of the Tdt reactions were visualized by using digoxigenin-labeled NTPs and rhodamine conjugated anti-digoxigenin counterstained with DAPI.
BrdU Staining. Mice were injected with 200 l of 20 mg/ml BrdU (Sigma) 2 h before being killed. Paraffin sections (6 m) were deparaffinized and stained for BrdU using the BD Pharmingen TM BrdU in situ detection kit (catalog no. 550803).
Near-Infrared Intravital Microscopy. For imaging of blood vessels, mice were injected with AngioSense 750 (VisEn Medical), a high-molecular-weight (Ϸ250,000 g⅐mol) fluorescent probe; they were then anesthetized, and their intestine were exposed through a skin incision and imaged (ϫ4 dry lens) with the prototype Olympus IV100 laser scanning intravital scanning microscope. Z stacks were recorded and analyzed with ImageJ software (''USDC'' plugins) in two separate channels. ''Particle analysis'' plugins and the command 3D objects counter were used to calculate mean vessel volumes, signal intensity, and the location of each vessel found in 525 ϫ 525 ϫ 80 m cubes [threshold, 1,023; minimum size of particles, 100 voxels; maximum volume, 10 9 voxels (1 voxel ϭ 1.04 m 3 )]. Autofluorescence was detected at 505-510 nm.
Light Microscopic Data Images. Microscopic images were collected with a Leica DCC camera. For multicolored images, the ImageJ plugin ''threshold color'' was used to identify cells of the color of interest, which were then counted with the plugin ''nuclei counting.'' CD34 stained cells were counted by using the command ''analyze particles,'' and only areas Ͼ60 m 2 , including hollow structures, were recorded to exclude infiltrating hematopoietic cells (average area, Ϸ40 m 2 ).
Statistical Analysis. The statistical analyses were preformed with the use of the Prism4 software. ANOVA one-way nonparametric with Bonenferroni post hoc test and 99% confidence intervals or unpaired one tailed t tests with Wells correction were used.
Note. While this manuscript was under review, Soucek et al. (58) reported that MC are required for the expansion of myc-induced pancreatic tumors, and Nonomura et al. (59) reported a positive correlation between the frequency of MC in human prostate cancer needle biopsy specimens and poor prognosis.
